Q1 =

Nele I\ o)\

10

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

28

31

32
33
34
35
36
37
38
39
40

Fusion Journal of Engineering and Sciences

Research Paper

Pavement Rutting and Deformation Performance Analysis

through FEM

Tougeer Ali Rind”*, Muhammad Faarid Shah', Mohammad Ahmad!,Hafiz Ahmed Waqas!,Shiraz Ahmed! and

Asad Wahab!

29
30

1 Department of Civil Engineering, Ghulam Ishaq Khan Institute of Engineering Sciences and Technology,
KPK, Pakistan. gev2560@giki.edu.pk (M.E.S) ; gcv2567@giki.edu.pk (M.A) ;hafiz.wagas@giki.edu.pk
(H.A.W), shiraz.ahmed@giki.edu.pk (S.A), gcv2520@giki.edu.pk (A.W)

* Correspondence Author: tougeer.ali@qiki..edu.pk

Abstract

Rutting represents a severe, cumulative symptom of structural distress in flexible pave-
ments, which occurs due to the accumulation of permanent deformation when subjected
to repeated traffic loads and therefore adversely influences the quality of the ride, safety,
maintenance life and costs. This study assesses the influence of the pavement layer thick-
ness on the rutting depth using the three-dimensional finite element modeling (FEM) in
the ABAQUS computing program. The flexible pavement system was built as a detailed
numerical model with realistic material properties, nonlinear constitutive behavior and
repeated loading in a static situation. There were nine pavement designs which varied in
terms of the thickness of asphalt wearing course and base course, and evaluated stress
distribution and permanent deformation. The findings showed that adding the pavement
layer thickness has a significant effect on rutting depth, which is reduced due to the
spreading of loads and the strain concentrations, especially in the asphalt and subgrade
layers. On the other hand, thinner pavement layers had a greater deformation and they
experienced faster rates of rutting at the same loading conditions. The results offer useful
mechanistic information about the rutting behavior and contribute to the optimization of
layer thickness of pavements to increase durability, sustainability and long service per-
formance.

Keywords: Flexible pavement, Rutting, Pavement layer thickness, Finite element model-
ing, ABAQUS, Permanent deformation.

1. Introduction

Complex structural behavior during repeated and nonlinear loading conditions has
become a necessity to be explained by advanced numerical modeling. Studies using Finite
Element Method (FEM) have proven to be highly effective in stress transfer, material non-
linearities, and mechanisms of deformation in reinforced concrete and composite struc-
tures (Wagqas et al., 2024; Mehran et al., 2024). The strength of FEM models has also been
confirmed by the usage of hybrid materials, nonlinear constitutive and performance pre-
diction under cyclic loading (Waqas et al., 2023; Amin et al., 2024). The recent studies also
emphasise the usefulness of FEM in determining the impact of geometry, reinforcement
arrangement, and material enhancement procedures on load-bearing capacity and long-
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term performance (Waqas et al., 2023b). All these studies show that FEM can be trusted
as a simulation methodology when applied to sophisticated infrastructure systems and
that undergo repeated loading, especially when used in ABAQUS.

It is also true that flexible pavements are also subjected to millions of traffic load
cycles over their service life and therefore undergo progressive structural distress in
which rutting is one of the most significant distresses. Rutting comes in the form of per-
manent longitudinal depressions on the paths of the wheels and a considerable negative
influence on the quality of the ride, safety, and pavement serviceability (Du et al., 2018;
Hassani et al., 2020). Rutting development depends on a set of characteristics of traffic
loading, the thickness of pavement layers, the characteristics of the materials composing
the bound and unbound layers, and environmental factors, including temperature and
moisture (Singh and Sahoo, 2021; Luo and others, 2018). The traditional empirical and
mechanistic-empirical rutting models have been used to offer a background knowledge;
yet, due to their simplified assumptions, they do not represent properly the nonlinear,
time-dependent, and stress-dependent behavior of materials under a realistic field condi-
tion (Luo et al., 2017; Elseifi et al., 2018).

To overcome these shortcomings, pavement analysis using FEM has attracted much
interest because of its capacity to explicitly represent multi-layered pavement systems and
explicitly represent stress-strain behavior. The FEM of ABAQUS fully supports the three-
dimensional simulation of pavements with dynamic and repetitive loading by traffic and
permits a more realistic prediction of both rutting and permanent deformation (Nasr et
al.,, 2019; Wang and Wang, 2024). The platform supports the more advanced constitutive
models, such as viscoelasticity, viscoplasticity, creep and damage, which are critical in
simulating the recoverable and irrecoverable components of deformation in asphalt layers
and sub-grade soils (Hassani et al., 2020; Singh and Sahoo, 2021). The model fidelity is
also promoted with the correct representation of the layer interaction, tire-pavement con-
tact, and boundary conditions, which is essential in the development of rut depth
(Alnedawi et al., 2019; Du et al., 2018).

Two-dimensional and three-dimensional FEM methods have been used in the study
of pavements; the three-dimensional model offers better results in rutting morphology
and distributions of stresses across space, especially when the tire loading is non-uniform
(Elseifi et al., 2018; Su et al., 2023). mesh refinement plans and sub-modeling are primarily
used to find a compromise between the accuracy of the solution and the computational
efficiency (Wang et al., 2019; Singh and Sahoo, 2021). Wheel-tracking tests, repeated load
triaxial experiments, and accelerated pavement testing have shown great consistency be-
tween the rut depths as predicted by FEM and laboratory results (Elseifi et al., 2018;
Oditallah et al., 2025). However, there are still issues regarding simplified boundary con-
ditions, little field data over the long term, and not all thermal, hydraulic, and mechanical
coupling (Alnedawi et al., 2019; Luo et al., 2018).

The latest studies of FEM always identify that the rutting depth is extremely de-
pendent on pavement layer thickness, the magnitude of traffic loads, temperature, axle
arrangement, and subgrade stiffness. The thinner pavement layers have a greater strains
accumulation and rut development, and the greater the thickness of the layer, the better
the distribution of loads and the minimization of permanent deformity (Benakli et al.,
2018; Du et al,, 2018). New pavement materials and methods to reinforce their structure
have also been assessed using FEM, and it has been demonstrated that such modifiers as
crumb rubber, fibers, and stabilized base layers can make a significant contribution to
rutting resistance and structural performance (Saberian et al, 2019; Wang and Wang,
2024). Other mechanisms of environmental and moisture-associated damage have been
demonstrated to increase rutting with lack of appropriate consideration in numerical
models (Wang et al., 2019; Hassani et al., 2020).
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The new research directions show that there is a transition to high-fidelity FEM sim-
ulations that are combined with multiscale modeling, Digital Twin ideas, and data-driven
methods to enhance prediction quality and provide proactive pavement management
(VanDerHorn & Mahadevan, 2021; Yao et al., 2023). FEM with Digital Twin frameworks
proide an opportunity to observe performance in real time, predict the remaining life, and
plan the maintenance optimization (Dihan et al., 2024; Oditallah et al., 2025). Also, ma-
chine learning methods are also becoming actively considered as a means to complement
FEM, as it provides less expensive calculations and improves the predictive quality of the
model (Mazumder et al., 2023; Onaji et al., 2022). In this developing framework, the cur-
rent research uses ABAQUS based FEM to purposefully explore the influence of pavement
layer thickness on rutting depth of repeated loads in traffic with an object of making con-
tributions on more credible rutting prediction and optimal flexible pavement design.

2. Materials and Methodology

This study employs a three-dimensional numerical modeling approach to investi-
gate the structural response of a flexible pavement system under traffic loading. The finite
element model was developed to simulate realistic pavement geometry, material behav-
ior, and boundary conditions. The methodology includes detailed geometric modeling,
material characterization, loading application, and meshing strategy to evaluate pave-
ment performance.
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Figure 1 Methodology

2.1. Geometric Details

A multilayer flexible pavement system was modeled in ABAQUS with the following lay-
ers as shown in Figure 2:

1.  Asphalt Concrete (AC) Wearing Course

2. Base Course (AC)

3. Base Course (Aggregate)

4. Subgrade (Fill Material)

5. Natural Subgrade
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Figure 2 Typical Cross-section of Road

Multiple pavement configurations were analyzed by varying the thickness by +25% and
-25% of Wearing Course and Base Course (AC), as shown in Table 1. So a total of nine
configurations were analyzed.

Table 1 Geometric Properties

Layer Original Thickness (mm) Variable Thickness Cases
(mm)

Wearing Course (AC) 50 62.5,75,37.5, 25,

Base Course (AC) 165 206.25, 247.5, 123.75, 82.5

Base Course (Aggregate) 300 Constant

Subgrade (Fill) 300 Constant

Natural Subgrade 1000 Constant

In ABAQUS software, the width and length of road were assigned 2000 mm each for each
thickness case as shown Figure 3.
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134
135
136 Figure 3 Assembly of Cross-section of Road
137 2.2. Materials
138 The pavement was modeled as a multilayer system, with each layer assigned realistic me-
139 chanical properties based on standard pavement engineering literature and empirical cor-
140 relations. Table 2 summarizes the material parameters used in the finite element model.
141 Table 2: Material Properties
Layer Young’'s Modu-  Poisson’s Density*10*
lus Ratio (kN/mm?)
E (MPa) v
Wearing Course (AC) 2758 0.25 2.4
Base Course 2413 0.20 2.3
Subbase 1379 0.30 2.2
Subgrade (Fill Material) 69 0.40 1.8
Natural Subgrade 34 0.45 1.6
142
143 The asphalt concrete (AC) layer was modeled as a linear elastic material for simplification,
144 while the granular layers (base and subbase) and subgrade soils were modeled using
145 an elastoplastic constitutive model to capture permanent deformation under repeated
146 loading. A uniform foundation stiffness of 0.03 N/mm was applied at the bottom bound-
147 ary to simulate the underlying soil support.
148 2.3. Loading, boundary conditions and interactions
149 A static dual-tire axle load of 80 kN was applied, representing a standard single axle with
150 two tires. Each tire carried a load of 40 kN. The tire contact pressure was set to 827 kPa
151 based on standard truck tire inflation pressures. The contact area for each tire was calcu-
152 lated as:
Load per Tire 40 kN
154 Contact Area = = ~ 0.0484 m?*

Tire Pressure 827 kPa
153
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155 The resulting applied pressure on each tire patch was:
157 _ 10N 0.8333 MP

T 0.0484m2 ‘
156
158 Thus, the total pressure applied by both tires was 1.66 MPa. The load was applied as a
159 uniformly distributed pressure over rectangular contact patches aligned along the wheel
160 path.
161 Boundary Conditions:
162 e  The bottom of the model was fully fixed (encastre).
163 e  Thelateral sides were constrained in the horizontal direction to prevent lateral move-
164 ment.
165 e A vertical foundation stiffness of 0.03 N/mm? was applied at the base to simulate
166 subgrade support.
167 2.4. Meshing
168 The pavement model was discretized with a structured hexahedral mesh. To create con-
169 sistency and computational efficiency, a global mesh size was used of 100 mm being ap-
170 plied to each and every layer. Mesh sensitivity analysis established that this element size
171 offered a trade-off between the accuracy of the results and the time of simulation.
172 3. Results
173 The output of the finite element analysis is performed to examine the impact of pave-
174 ment layer thickness on the performance of rut ting. The findings are the vertical move-
175 ment (rut depth) and stress distribution and strain concentration among various pave-
176 ment arrangements.
177 3.1. Deformation Distribution
178 The deformation contours extracted from ABAQUS provide insight into the mechanical
179 response.

180
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Figure 5 Deformation Contour for (X1)
Figure 7 Deformation Contour for (X3)

Figure 4 Deformation Contour (U2) for Original Configura-

Figure 6 Deformation Contour for (X3)
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Figure 9 Deformation Contour for (X5)

Figure 8 Deformation Contour for (X4)
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Figure 11 Deformation Contour for (X7)

Figure 12 Deformation Contour for (X8)

181
182
183 The deformation contour plots above Figure 4 — Figure 12 show the compressive (U2)
184 strain profiles of all pavement configurations that have been considered using the initial
185 model through case X1 to X8. These images always emphasize that the depth of the layer
186 plays a vital role in the level of strain reduction and distribution since the thicker parts of
187 the layer demonstrate lower strain levels, especially in the subgrade and asphalt layers.
188 The fact that these figures are a support to the quantitative rutting results to offer a mech-
189 anistic explanation of the deformation behavior that was observed in each of the design
190 variants.
191 3.2. Rutting Depth Analysis
192 The total rutting depth was calculated as the sum of permanent vertical displacements ac-
193 cumulated in each pavement layer under repeated loading. The rut depth R for a given
194 layer i is expressed as:
195
197 Ri=¢,;-d;
196
198 where:
199 e  g,; =vertical strain in layer i
200 e  d; =thickness of layer i
201 The total rutting depth Ry is then:

n n

202 Riotar = Z R; = Z(gv,i -d;)
i=1 i=1
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203 In Table 3, values from X1 to X4 shows variable thickness in the Wearing Course by +25%
204 and -25% while from X5-X6 shows variable thickness in the Base Course (AC) by +25%
205 and -25%. Table 4 summarizes the calculated rutting depths for all pavement configura-
206 tions, including variations in wearing course (AC) and base course thicknesses.
207 Table 3 Varying Thicknesses by +25% and -25% (mm)
Varying thickness by ngfrig C]zisrze Base Course (?;fﬁ %\f[a;ti:_ Subgrade Total
+25% and -25% (AC) (AC) (Aggregate) rial) (Natural) | thichness
Orignal 50 165 300 300 1000 1815
_ . X-1 62.5 165 300 300 1000 1827.5
Vj;yvlvnega i‘legtgiﬁiss X-2 75 165 300 300 1000 1840
(AQ) X-3 37.5 165 300 300 1000 1802.5
X-4 25 165 300 300 1000 1790
X-5 50 206.25 300 300 1000 1856.25
Varying the thickness X-6 50 247.5 300 300 1000 1897.5
of Base Course (AC) X-7 50 123.75 300 300 1000 1773.75
X-8 50 82.5 300 300 1000 1732.5
208
209
210 Table 4 Calculated Rutting Depths for Different Pavement Configurations (mm)
Layer Original | X1 X2 X3 X4 X5 X6 X7 X8
Wearing Course (AC) | 0.91 1.11 1.30 0.69 0.48 1.76 0.84 0.98 0.92
Top
Base Coarse (AC) Top 1.37 0.79 1.42 1.52 1.68 2.52 1.50 0.90 0.11
Base Coarse Aggregate 1.96 1.64 1.93 1.429 1.93 0.45 1.94 3.08 0.84
Subgrade (Fill Material) | 4.50 4.27 3.33 3.346 4.37 1.48 2.69 0.27 7.59
Subgrade (Natural) 8.98 8.44 4.37 4.160 6.88 6.39 5.09 8.48 10.979
Total Rutting Depth | 17.72 16.26 12.35 11.145 | 15.34 12.61 12.05 13.71 20.439
(mm)
211
Rutting Depth
20.439
20
|17.72
= = 15.34
E, 151 13.71
?} e 11.145 L
2 10
c
E
5 -
o- NN EEE UNED U UNED UNED N mee e
0 1 2 3 4 5 6 7 8
Crossection Number
212

213 Figure 13: Cross-section configuration vs Rutting depth graph
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4. Conclusions and Recommendations

Upon completion of an extensive three-dimensional analysis on finite element analy-
sis conducted using ABAQUS software, this paper concludes that the layer thickness of
pavements is a critical and quantifiable parameter in the control of rutting depth in the
flexible pavement systems. The discussion clearly explained that adding the thickness of
critical structural layers, especially the asphalt concrete wearing course and the granular
base course, creates a significant decrease in the effect of permanent deformation through
repeated traffic loading. Particularly, the geometry with a 37.5mm asphalt layer and with
165 mm base course produced the minimum rutting depth of 11.145 mm only, which in-
dicates the relevance of proper structural depth in the allocation of loads and reduction of
deformation in the subgrade.

The mechanistic contour plots further confirmed that increased thickness of the wear-
ing course decreases the accumulation of rutting depth. These results also highly support
the use of mechanistic-empirical design techniques in preference to the traditional empir-
ical methods because the former make possible more finely, dependable, and cost-efficient
pavement designs, which suit the particular traffic and material circumstances. Although
the simplified linear elastic material assumptions and static loading used in this study
were calculated-efficient because of its consistency, the trends remain consistent to form
a sound basis of the practical design enhancement.

Future studies must combine more constitutive models (viscoelasticity of asphalt and
plasticity of soils), dynamic and repeated load tests, and environmental effects (tempera-
ture and moisture) to improve predictive capability. Finally, this paper affirms that ap-
propriate pavement layer thickness is a decisive factor in the strategic investment taking
into consideration of the extending service life, the enhancement of ride quality, and var-
iable structural performance even during the growing traffic pressure..
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